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Abstract Serious cyanobacterial blooms lead to the
release of harmful microcystin-LR and ammonia to
eutrophic waters, thereby posing serious challenges to
zooplankton. The physiological and ecological
responses of Brachionus calyciflorus Pallas to micro-
cystin-LR and ammonia stresses were evaluated.
Neonates (< 2 h old) were exposed to microcystin-
LR (0, 10, 50, 100, and 200 pg L_l) and ammonia (0,
740, and 1580 pg L") single solutions and mixtures.
High doses of 200 ug L™' microcystin-LR and
1580 ug L~' ammonia and mixtures of these two
toxicants exhibited negative effects on the rotifer net
reproduction rate (Ry), intrinsic growth rate (r,,), and
enzymatic activities of glutathione (GSH), glutathione
peroxidase (GPx), and glutathione S-transferase
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(GST). Microcystin-LR combined with ammonia
decreased the generation time (7), Na*/K*—adenosine
triphosphatase (Na*/K*-ATPase) activity, and glu-
tathione reductase (GR) activity, but promoted the
reactive oxygen species (ROS) production in rotifers
(p < 0.05). The ROS levels were negatively correlated
with GSH-related enzymatic activities (p < 0.01).
Microcystin-LR and ammonia exerted synergistic
effects on Ry, r,,, and ROS levels and GSH, GR, and
GST activities (p < 0.05), but had antagonistic effects
on T, Na™/K"-ATPase activity, and GPx activity
(p > 0.05). Microcystis metabolites negatively
affected growth and reproductive performance of B.
calyciflorus. In addition, the life-cycle parameters
were related to the effects of microcystin-LR and
ammonia on the GSH-related antioxidant defense
system of rotifers.

Keywords Rotifer - Microcystis metabolites -
Toxicological effects - Ecological response - Enzyme
activities

Introduction

Water blooms of cyanobacteria pose a worldwide
environmental threat (Mowe et al. 2015). Cyanotox-
ins, the secondary metabolites of toxic cyanobacteria,
are released into eutrophic waters during severe
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cyanobacterial bloom breakouts and pose hazards to
animals and humans (Bldha et al. 2009; Pantelic et al.
2013). Microcystins are hepatotoxins that are widely
distributed worldwide. Microcystin-LR has the broad-
est distribution and the most toxic among microcystins
(Kim et al. 2015). The microcystin-LR concentration
in eutrophic water bodies usually reaches up to
200 pg L' and is even high in areas of serious
Microcystis blooms (Thirumavalavan et al. 2013).
Microcystin-LR  inhibits protein  phosphatases,
induces oxidative stress, and causes intracellular
problems (Zong et al. 2018). Elevated ammonia and
microcystin-LR are released into water bodies during
toxic cyanobacterial blooms (Xia et al. 2018). The
concentrations of ammonia reach 200-3400 pg L™"in
some areas of a eutrophic lake, such as Lake Taihu,
China (Zhang et al. 2010). High concentrations of
microcystin-LR and ammonia are deleterious to
animals and cause issues in aquatic communities
(Chen et al. 2015; Xia et al. 2018). Stressors derived
from Microcystis blooms, such as microcystin-LR and
ammonia, often threaten aquatic organisms by asso-
ciation (Zhu et al. 2015; Liang et al. 2018).

Microcystin-LR and ammonia induce changes on
the intracellular enzymatic activity and antioxidant
physiological response in organisms (Chen et al.
2015). Reactive oxygen species (ROS) at high levels
cause oxidative stress and disrupt the physiological
function in animals (Park et al. 2017). The increase in
ROS production is harmful to life parameters and
antioxidant systems of zooplankton (Lee et al. 2017).
Na*/K*-adenosine triphosphatase (Na*/K*-
ATPase) is a membrane protein whose main function
is to provide energy for ion regulation and maintain the
osmoregulation of organisms (Li et al. 2014). Na*/
KT—ATPase activity changes by toxicants exhibit
negative effects on the physiological enzyme activity
and cellular homeostasis of the exposed organisms
(Kopecka-Pilarczyk 2010). Maternal exposure to
microcystin-LR and ammonia mixtures resulted in
adverse effects on the growth of Daphnia offspring.
This phenomenon leads to the argument among the
authors that most energy was allocated to resist
toxicant stress, whereas growth and reproductive
performance consumed less energy (Dao et al. 2010;
Zhu et al. 2015).

The antioxidant defense system, which eliminates
excessive ROS, is important for protecting the organ-
ism from oxidation damage (Wang et al. 2015).
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Glutathione (GSH)-related enzymes are considered
oxidative stress indicators in aquatic animals (Couto
et al. 2016). GSH is important in intracellular protec-
tive mechanism against oxidative stress and partici-
pates in the reduction of peroxides with concomitant
formation of oxidized glutathione disulfide (GSSG)
(Yilmaz et al. 2009; Park et al. 2017). Glutathione
peroxidase (GPx) breaks down hydrogen dioxide into
water and oxygen (Rocha et al. 2015). Glutathione
reductase (GR) reduces GSSG to GSH at the cost of
reducing nicotinamide adenine dinucleotide phos-
phate under normal physiological conditions. This
phenomenon is responsible for maintaining the proper
GSH activity (Pannala et al. 2013). Moreover, GSH
forms S-conjugates with toxic metabolites, and the
S-conjugation reaction is accelerated by glutathione
S-transferase (GST) (Guo and Xie 2011). Microcystin-
LR and ammonia induce the ROS production, which
affects Nat/K*-ATPase activity and antioxidant
enzymatic activities (Lopez-Lopez et al. 2011; Chen
et al. 2015; Liang et al. 2017). Variation in the
activities of GPx, GR, and GST causes disturbances in
GSH activity. These disturbances adversely affect the
growth and reproduction of animals (Lee et al. 2017).

Rotifers are key grazers in aquatic ecosystems.
They exhibit sensitivity to toxic substances. Thus, they
are commonly used in ecotoxicology tests (Snell and
Joaquim-Justo 2007). Brachionus calyciflorus is a
widely used test animal for toxicity evaluation world-
wide and serves as a sensitive species that is used to
quantify the toxic effects of toxicants (Snell and
Janssen 1995). Algae and cyanobacteria are usually
consumed by rotifers in waters. Thus, metabolic
products of toxic Microcystis deleteriously affect the
reproductive performance of B. calyciflorus (Liang
et al. 2018). Following a breakout of cyanobacterial
blooms, rotifers change their growth and reproduction
performance to improve their fitness in harsh water
environments (Zweerus et al. 2017). The correlation
between the enzyme activities and Brachionus repro-
duction is sufficient for evaluating stressors (Wang
et al. 2015). Acute toxicity of microcystin-LR and
ammonia to zooplankton and the reproductive and
physiological responses to these toxicants were deter-
mined (Leung et al. 2011; Zhu et al. 2015). The
zooplankton growth in response to cyanobacterial
metabolites has been previously studied (Huang et al.
2012; Cao et al. 2014). Several studies reported that
the toxicological effects of pollutants (microcystins
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and nitrogen-containing wastes) are derived from
cyanobacterial blooms on different species of aquatic
organisms (Ge et al. 2012; Sunetal. 2011, 2013),and a
number of researchers have focused on freshwater
cladoceran species (Yang et al. 2011; Lyu et al.
2013, 2016). However, research evaluating the influ-
ence of combined exposure to microcystin-LR and
ammonia on the life-cycle parameters, Na™/Kt—
ATPase activity, and GSH, GPx, GR, and GST
activities of B. calyciflorus is limited.

This current study aimed to examine the responses
of life-cycle parameters and GSH-related enzyme
activities to microcystin-LR and ammonia to reveal
the mechanism of cyanobacterial secondary metabo-
lites on B. calyciflorus reproduction. We hypothesized
that (1) dissolved microcystin-LR and ammonia
exhibit interactive toxic effects on the life-cycle
parameters of rotifers, and (2) microcystin-LR com-
bined with ammonia is detrimental to GSH-related
antioxidant defense system in terms of changes in
antioxidant enzymatic activities in B. calyciflorus.
Toxicology studies on rotifers are scientifically sig-
nificant for future ecotoxicological studies regarding
the effects of other cyanobacterial metabolites on
aquatic animals and provide a reference for using
zooplankton as ecotoxicology test models.

Materials and methods
Test animal

Rotifers B. calyciflorus Pallas, 1766 were originally
collected from Moon Lake, wherein toxic cyanobac-
teria bloom, in Nanjing, China (32°6'35.24"N,
118°54/32.71"E), and continuously cultured in the
laboratory. Cysts were used to obtain test animals in
the ecotoxicology experiments with B. calyciflorus
(Snell and Janssen 1995). Initial neonates (< 2 h old)
were collected directly from cultures in modified
freshwater Environmental Protection Agency (EPA)
medium using the formula from ASTM (2001): 96 mg
NaHCO3;, 60 mg CaSO,4-H,0, 123 mg MgSO, (orig-
inally 60 mg MgSO,), and 4 mg KCl in 1 L deionized
water at 25 °C and pH 7.8. Chlorella pyrenoidosa
Chick, 1903 (1 x 10° cells mL_l, Institute of Hydro-
biology, Chinese Academy of Sciences, Wuhan,
China) cultured in a 5-L bag containing Bold’s basal
medium was used as food for the rotifers. Bold’s basal

medium was prepared according to the protocol
described in a previous study (Stanier et al. 1971). A
linear relationship was observed between C. pyrenoi-
dosa concentration and Aggy nm absorbance. Chlor-
ella density was obtained by measuring light
absorption at 680 nm by using a spectrophotometer
(Ultrospec 2100, Biochrom Ltd., Cambridge, UK)
with double-distilled water based on linear regression.
Brachionus and Chlorella were both cultured in an
illuminated incubator. The conditions were main-
tained at 25 £ 1 °C under a 2500 Ix constant fluores-
cent illumination and at 14 h:10h light/dark
photoperiod.

Experimental design

To evaluate the influence of pure microcystin-LR and
ammonia on the life-cycle parameters and GSH-
related antioxidant enzyme activities of rotifers,
microcystin-LR and ammonia were diluted to a range
of toxin doses. Microcystin-LR (Express, Beijing,
China) was dissolved in modified EPA medium, and
the microcystin-LR concentrations were set according
to the levels when Microcystis blooms collapsed (Zhu
etal. 2015). Ammonium chloride (NH,4Cl, Sinopharm,
Shanghai, China) dissolved in the EPA medium was
used to obtain the ammonia test solutions. Ammonia
concentrations are calculated according to Eq. 1, as
follows (Emerson et al. 1975):

NH; + NHj

NHs = gk o ()

where the dissociation constant pKa = 0.09018 +
2729.92/T. T is the temperature in K, and the pH is
stable at 7.5. The ammonia doses were set according to
field observations based on toxicant concentrations in
the field while severe Microcystis blooms break out
(Zhang et al. 2010) and on the 24 h LCs, values of the
two toxicants (microcystin-LR LCsy: 56.2 pg L,
ammonia LCsq: 838.8 ng Lfl). Microcystin-LR and
ammonia doses were set as 0, 10, 50, 100, and
200 pg L™" (Mo, Mo, Mso, Mo, and Magg) and 0,
740, and 1580 pg L' (Ny, Noso, and Nysg0), respec-
tively. Fifteen combinations of N x M were deter-
mined, and the NoM,, treatment was used as the control
in all experiments. Microcystin-LR and ammonia
solutions were replaced every 24 h to maintain
constant toxicant doses.
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Life-cycle experiments were conducted in 6-well
microplates. Ten neonates (< 2 h old) were introduced
into each well containing 10 mL of different toxicant
solutions to evaluate the life-cycle parameters of the
rotifers. Brachionus has a small body size (< 0.5 mm)
and can be cultured in a small volume of solution (Snell
and Janssen 1995; Sun et al. 2019). Thus, 10 mL test
solution was used to assess the toxicity of microcystin-
LR and ammonia in this study. Rotifer cysts, which were
cultured in the illuminated incubator, were hatched in 6-
well microplates containing the EPA medium and
subjected to a 2500 1x constant fluorescent illumination
at 25 °C. The rotifers that hatched from the resting eggs
were used for the experiments, and each test solution
treatment had 12 replicates (N =12, N stands for
biological replicates) in the life-cycle experiments. The
animals received the same biomass of C. pyrenoidosa
every 12 h. Test solutions were replaced at 24-h intervals.
The experimental animals were monitored at 6-h interval
under an inverted microscope (Motic SMZ168, Motic
Instruments, China). The numbers of living original
individuals and neonates produced were recorded.
Meanwhile, the newborn rotifers were systematically
removed from the toxicant solutions. The original
females were transferred into freshly toxicant solutions
containing 1 x 10° cells mL™" of C. pyrenoidosa every
24 h until all the initial experimental females were dead.
The toxicant solution (10 pL), which included the initial
individuals, was transferred by a micropipette. The errors
made, e.g., killing and/or damaging rotifers during daily
handling, were excluded during the life-cycle experi-
ments. The ecological responses of B. calyciflorus under
the stress of microcystin-LR and ammonia were assessed
by life-cycle parameters. The net reproduction rate (Ry),
generation time (7), and intrinsic growth rate (r,,) are
related to survival and reproductive performance and are
the ecologically important parameters to evaluate the
population growth potential of rotifers (Snell and Janssen
1995). The three variables are calculated using Eqgs. 2—4
(Krebs 1994):

R() = ilxmx (2)
0

_ S0 xlumy
Ro

T

@ Springer

e Flom, =1 (4)
x=0

where x is the rotifer age, I, is the proportion of
individuals surviving at age x compared with its
original cohort, and m, is the mean number of female
offspring produced in a unit of time by a female at age
X.

In physiology-based experiments, the initial culture
density of rotifers was 600-900 individuals per treat-
ment. The exposure time of test animals to each
N x M treatment was 24 h. Rotifers were fed with C.
pyrenoidosa at 12 h. The ROS levels, Nat/K+t—ATPase
activity, and GSH-related enzyme activities in B.
calyciflorus were determined after the exposure time
of 24 h. Rotifers were collected into 1.5-mL centrifugal
tubes by using precision test sieves with mesh size of
37.4 pm. The rotifer bodies gathered at the bottom of the
tubes after centrifugation at 6000 rpm for 15 min at
4 °C. Stress and errors from the collection and centrifu-
gation of the animals were ruled out. Four hundred
rotifers chosen from the initial individuals were sepa-
rated in a 1.5-mL centrifuge tube (400 individuals
tube_l) and weighed (W) with the difference between
the weight of the tube containing 400 individuals (W)
and an empty tube (W,) by an electronic balance
(W = W; — W,). We omitted the influence of Chlorella
(consumed by rotifers within 12 h) and test solutions
(removed from tubes by a sterile syringe). The chosen
400 rotifers were homogenized in nine volumes (v/
w) with cold 0.1 mol L™" pH 7.3 phosphate buffer. The
supernatants with different treatments were stored
at — 80 °C for biochemical measurement after the
rotifer homogenates were centrifuged at 3000 rpm for
10 min at 4 °C. Three replicates were performed for
each treatment to measure the ROS levels, Nat/K'—
ATPase activity, and GSH-related enzyme activities
(N = 3, N stands for biological replicates).

Biochemical assay

ROS levels, GSH, GPx, GR, and GST enzymatic
activities were assayed by kits (Jiancheng Bioengi-
neering Institute, Nanjing, China) according to the
manufacturer’s instructions. The ROS levels and
GSH-related enzyme activities were assayed with a
microplate reader in 96-cell plates. All enzyme
activities were calculated with reference to the
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protein content. The rotifer protein content was
evaluated according to the study of Bradford (1976).

Measurement of Na*/Kt-ATPase

Total ATPase activity was estimated by determining
the accumulation of inorganic phosphate in a medium
with the following composition: 100 mM NaCl,
20 mM KCl, 5 mM MgCl,, 3 mM Na,—-ATPase, and
50 mM Tris-HCl at pH 7.4 and 37 °C. Na*/K*t—
ATPase activity was the difference between the
activities of total and Mg®"—ATPase recorded in the
same medium but without KCI (Li et al. 2014).

Statistical analysis

Data feasibility analysis was tested with the analysis of
variance (ANOVA) based on the Kolmogorov—
Smirnov tests and Levene’s test for data distribution
and homogeneity, respectively. Duncan’s and Tukey’s
multiple range tests were conducted, revealing no
differences in the data trends. The life-cycle parame-
ters, ROS levels, Na™/K—ATPase activity, and GSH-
related antioxidant enzyme activities of rotifers B.
calyciflorus under the stress of microcystin-LR and
ammonia were assessed by two-way ANOVA, fol-
lowed by Tukey’s multiple range test. Values are the
means + standard error (SE). The maximum mean
value was marked “a” under a certain toxin dose. “a,”
“b,” “c,” “d,” and “e” indicate mean values with
significant difference at p < 0.05. The same letter
means no significant difference among these data.
“ab” signifies no significant difference between “a”/
“b” and “ab.” “bc” indicates no significant difference
between “b”/“c” and “bc.” “cd” represents no
significant difference between “c”/“d” and “cd.”
The sensitive enzyme activity index of oxidative stress
induced by microcystin-LR and ammonia was identi-
fied by Pearson’s correlation analyses. Statistical
analyses were performed using SigmaPlot v. 12.5.

Results
Life-cycle parameters of rotifers
Microcystin-LR and ammonia affected the life-cycle

parameters of Brachionus, and the two toxicants had
remarkable synergistic effects on the rotifer

reproductive performance, as reflected in the param-
eters of Ry and r,, (two-way ANOVA, p < 0.001;
Table 1). Microcystin-LR and ammonia negatively
affected T. The two toxicants had no interactive effects
on T (two-way ANOVA, p = 0.06 > 0.05; Table 1).
Ammonia comparisons within certain microcystin-LR
doses indicated that R, increased by 9% compared
with NoM, treatment at low ammonia concentration
(740 pg L") in the single ammonia solution
(Fig. 1a). At 0-200 pg L™ microcystin-LR, T of
rotifers was shortened by 15-72% with increasing
ammonia concentrations (Fig. 2b). Low ammonia
concentration positively affected r,,. The rotifer r,,
increased by 18% during N4 0M, treatment
(» <0.001), whereas r, decreased by 35% in
Ny550Mg treatment (p < 0.001, Fig. 1c).

Microcystin-LR comparisons within certain ammo-
nia doses revealed the reproductive performance of B.
calyciflorus inhibited at 200 pg L™" microcystin-LR.
The rotifer Ry increased by 21-71% during NoM,
NoMsp, and NoMoo treatments (p < 0.05), but
decreased by 38% in NgM,( treatment (p < 0.001,
Fig. 1d). The rotifer R, decreased by 4-76% with
increasing microcystin-LR dose under
740-1580 pug L' ammonia (Fig. 1d). Increasing the
microcystin-LR concentration inhibited 7 under
0-1580 pg L~' ammonia (Fig. le). High micro-
cystin-LR dose negatively affected r,, when Bra-
chionus were exposed to single microcystin-LR
solutions. r,, of rotifers increased by 6-30% during
NoM g, NgM5q, and NoM oo treatments, but decreased
by 29% in NgM,g, treatment (p < 0.001, Fig. 1f).
Under ammonia doses of 740 and 1580 pg L, T
decreased by 22—77% with increasing microcystin-LR
concentrations (Fig. 1f).

ROS levels

Microcystin-LR and ammonia had synergistic effects
on ROS  production (two-way  ANOVA,
p =0.01 <0.05; Table 1). Microcystin-LR and
ammonia enhanced ROS production in B. calyciflorus.
ROS levels increased by 6-32% compared with NoM,
treatment with increasing ammonia concentrations
under 0-200 pg L' microcystin-LR (Fig. 2a). For
certain ammonia concentrations, the ROS levels were
positively correlated with the doses of microcystin-
LR. The additive effect of microcystin-LR promoted
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ROS formation under 0-1580 ug L~' ammonia
(Fig. 2b).

Na*/Kt-ATPase activity

Na®/K*-ATPase activity was inhibited under all
microcystin-LR and ammonia concentrations in a
dose-dependent manner. Moreover, the two toxicants
demonstrated an antagonistic effect on Na™/Kt—
ATPase activity (two-way ANOVA,
p =0.64 > 0.05; Table 1), which was negatively
correlated with the ROS levels (p < 0.01; Table 2).
The Nat/K+t—ATPase activity decreased with increas-
ing ammonia concentrations under 0-200 pug L™
microcystin-LR and was reduced at ammonia doses
of 740 and 1580 pg L™' (p < 0.05; Fig. 3a). The Na™/
K —ATPase activity decreased by 8-74% compared

Fig.1 Comparisons of ammonia within certain microcystin-LR p
concentrations on net reproduction rate (Ry) (a), generation time
(T) (b), and intrinsic growth rate (r,,) (¢), and comparisons of
microcystin-LR within certain ammonia concentrations on Ry
(d), T (e), and r,, (f) of B. calyciflorus. Values are expressed as
mean = SE of 12 replicate samples (N = 12). Error bars
indicate 1 SE, and different letters denote significant difference
(» <0.05)

with NgM,, treatment with increasing microcystin-LR
doses at ammonia concentrations of 0—1580 pg L'
and was greatly reduced at 10-200 pug L™' micro-
cystin-LR (p < 0.05; Fig. 3b).

GSH-related antioxidant enzyme activities

Microcystin-LR and ammonia exhibited a synergis-

tic effect on enzymatic activities of GSH
Table 1 Results from a Parameters Source of variation df F p
two-way ANOVA
indicating the effects of Ry Microcystin-LR 4 134.59 < 0.001
microcystin-LR and Ammonia 2 482.10 <0.001
ammonia on each response
variable Microcystin-LR x ammonia 8 65.44 < 0.001
T Microcystin-LR 4 241.33 < 0.001
Ammonia 2 584.34 < 0.001
Microcystin-LR x ammonia 8 1.97 0.06
T Microcystin-LR 4 107.53 < 0.001
Ammonia 2 512.20 < 0.001
Microcystin-LR x ammonia 8 37.57 < 0.001
ROS Microcystin-LR 4 81.15 < 0.001
Ammonia 2 55.50 < 0.001
Microcystin-LR x ammonia 8 2.99 0.01
Na/K"-ATPase Microcystin-LR 2 91.77 < 0.001
Ammonia 4 59.95 < 0.001
Microcystin-LR x ammonia 8 0.76 0.64
GSH Microcystin-LR 4 16.38 < 0.001
Ammonia 2 53.25 < 0.001
R, net reproduction rate, Microcystin-LR x ammonia 8 4.26 0.002
T generation time, r,, GPx Microcystin-LR 4 16.02 < 0.001
intrinsic growth rate, ROS Ammonia 2 197.07 <0.001
reactive oxygen species . . . ' i
levels, Nat/K*-ATPase Microcystin-LR x ammonia 8 2.19 0.06
Na*/K*-adenosine GR Microcystin-LR 4 1603.91 < 0.001
triphosphatase activity, Ammonia 2 242.97 < 0.001
GSH glutathione activity, Microcystin-LR x ammonia 8 26.23 <0.001
GPx glutathione peroxidase
activity, GR glutathione GST Microcystin-LR 4 25.60 < 0.001
reductase activity, GST Ammonia 2 40.98 < 0.001
glutathione S-transferase Microcystin-LR x ammonia 8 3.39 0.007

activity
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Fig.2 Comparisons of ammonia within certain microcystin-LR expressed as mean £ SE of three replicate samples (N = 3).
concentrations on reactive oxygen species (ROS) levels (a), and Error bars indicate 1 SE, and different letters denote significant
comparisons of microcystin-LR within certain ammonia con- difference (p < 0.05)

centrations on ROS levels (b) of B. calyciflorus. Values are

Table 2 Pearson’s correlation analysis results of the GSH-related enzyme activities, Na*/K*—ATPase activity, and reactive oxygen
species (ROS) levels of rotifers

ROS Na*/K*—ATPase GSH GPx GR GST
ROS 1
Na*/Kt-ATPase — 0.95%* 1
GSH — 0.81%* 0.81%* 1
GPx — 0.67** 0.68%* 0.86%* 1
GR — 0.91%* 0.94%* 0.60* 0.46 1
GST — 0.78** 0.79%* 0.96%* 0.83%* 0.60* 1

*Significant differences at p < 0.05; **significant differences at p < 0.01. ROS reactive oxygen species levels, Nat/K—ATPase
Na't/K*-adenosine triphosphatase activity, GSH glutathione activity, GPx glutathione peroxidase activity, GR glutathione reductase
activity, GST glutathione S-transferase activity

(p = 0.002 < 0.05), GR (p <0.001), and GST (» < 0.01; Table 2). In single ammonia solutions,
(» = 0.007 < 0.05), but demonstrated an antagonis- GSH, GPx, and GST activities increased by 4-6% in
tic effect on the enzymatic activity of GPx N740Mq treatment, but decreased by 12-33% in
(p = 0.06 > 0.05) (two-way ANOVA; Table 1). NissoMp treatment (p < 0.05; Fig. 4a, b, d). GR
GSH, GPx, GR, and GST activities were negatively activity decreased by 23-31% in N74Mp and
correlated with ROS levels (p < 0.01; Table 2), NisgoMg treatments (p < 0.001; Fig. 4c). The addi-
whereas GSH-related enzyme activities were posi- tive ammonia inhibited the activities of GSH, GPx,
tively correlated with Nat/K*-ATPase activity
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concentrations on Na*/K"—adenosine triphosphatase (Na™/K*—
ATPase) activity (a), and comparisons of microcystin-LR
within certain ammonia concentrations on Na*/K*—ATPase

GR, and GST, which decreased by 3-78% in
10-200 pg L™" microcystin-LR (Fig. 4a—d).

Microcystin-LR comparisons within certain ammo-
nia doses indicated that low microcystin-LR concen-
trations (10-100 pg L") positively affected GSH,
GPx, and GST activities in single microcystin-LR
solutions. The enzymatic activities of GSH, GPx, and
GST increased by 3-23% during NoM;,, NoMs, and
NoM;go treatments (Fig. 4e, f, h). GR activity
decreased by 21-74% in single microcystin-LR solu-
tions (p < 0.001; Fig. 4g). In mixtures of microcystin-
LR and ammonia, the enzymatic activities of GSH,
GPx, GR, and GST were inhibited under ammonia
doses of 740 and 1580 pg L™, and the adverse effect
was correlated with microcystin-LR concentrations
(Fig. 4e, f, g, h).

Discussion
Microcystin-LR and ammonia demonstrated com-

bined effects on the life-cycle parameters of Bra-
chionus. The two toxicants were harmful to the GSH-
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activity (b) of B. calyciflorus. Values are expressed as
mean = SE of three replicate samples (N = 3). Error bars
indicate 1 SE, and different letters denote significant difference
(p < 0.05)

related antioxidant defense system in terms of GSH,
GPx, GR, and GST enzyme activities. Notably, the
two toxicants were toxic to rotifer reproduction.
Microcystin-LR combined with ammonia caused
greater life-cycle shortening in rotifer 7 than single
factor microcystin-LR or ammonia treatment. Micro-
cystin-LR and ammonia enhanced the ROS formation,
but inhibited the Na*/Kt—ATPase activity. Low doses
of microcystin-LR or ammonia positively affected the
activities of GSH, GPx, and GST when rotifers were
exposed to single solutions, whereas microcystin-LR
in combination with ammonia inhibited these enzyme
activities. GR activity decreased with increasing
microcystin-LR or ammonia doses. The combined
effects of the two toxicants on the levels of Ry, r,,, and
ROS, and the activities of GSH, GR, and GST were
determined. Microcystin-LR and ammonia exhibited
an antagonistic effect on 7, Nat/KT—ATPase, and
GPx activities. Results demonstrated that microcystin-
LR and ammonia exhibit interactive toxic effects on
the life-cycle parameters of rotifers and the combina-
tion of the two toxicants is detrimental to GSH-related
antioxidant defense system in B. calyciflorus.
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«Fig.4 Comparisons of ammonia within certain microcystin-LR
concentrations on the enzymatic activities of glutathione (GSH)
(a), glutathione peroxidase (GPx) (b), glutathione reductase
(GR) (c), and glutathione S-transferase (GST) (d), and
comparisons of microcystin-LR within certain ammonia con-
centrations on the enzymatic activities of GSH (e), GPx (f), GR
(g), and GST (h) of B. calyciflorus. Values are expressed as
mean = SE of three replicate samples (N = 3). Error bars
indicate 1 SE, and different letters denote significant difference

(p < 0.05)

Effects of microcystin-LR and ammonia
on the life-cycle parameters of rotifers

Microcystin-LR and ammonia have a well-docu-
mented toxicity to rotifers (Liang et al. 2018). B.
calyciflorus is highly tolerant to microcystin-LR at
doses lower than 200 pg L™' (Huang et al. 2012). An
ammonia dose of 2500 =+ 200 pg L™' causes serious
harm to Daphnia magna reproduction (EPA 1999).
Ammonia doses wunder lethal concentrations
(> 1000 pug L") negatively affect the longevity and
reproductive performance of Daphnia carinata (Le-
ung et al. 2011). In the present study, single solutions
of 200 pg L™" microcystin-LR and 1580 ug L™
ammonia at high doses were harmful to the reproduc-
tion of B. calyciflorus. Low microcystin-LR
(10-100 pg L") and ammonia (740 ng L") doses
induced stimulating effects on the reproduction
parameters of rotifers, such as R, and r,. The
improvement in reproductive performance at low
doses of the toxicants is considered hormesis (Lave
2001). Brachionus has no gills or a respiratory system,
and gas exchange is performed through its body wall
(Snell and Joaquim-Justo 2007). These characteristics
reduce the toxic effects on rotifers in solutions
containing low microcystin-LR/ammonia concentra-
tions (Liang et al. 2018). The ammonia dose for 24 h
LCso and 48 h LCsq to rotifers reached 12,300 and
6700 pg L', respectively (Chen et al. 2015). The
toxic ammonia dose to B. calyciflorus in terms of R,
and r,, reached 1580 ug L™". This dose was lower
than that in the aforementioned study. One reason for
this finding is that the ammonia doses in the present
study (0-1580 pg L™") were lower than those in the
study of Chen et al. (2015) (0-30,000 pg L.
Another reason is that the previous authors used
different rotifer strains, indicating that the differences
in tolerance of zooplanktons to ammonia are due to the

experimental strains used (Yang et al. 2017). The life-
cycle parameters of B. calyciflorus were inhibited by
microcystin-LR and ammonia mixtures at increasing
doses of these toxicants. The rotifer 7 decreased with
every treatment of microcystin-LR and ammonia. The
two toxicants are dangerous to rotifers in terms of
survival time. Microcystin-LR and ammonia disrupt
the physiological functions of organisms, thereby
further affecting their life-cycle parameters (Sun et al.
2012). The reduction in Ry, r,, and T of rotifers
exposed to different mixtures of microcystin-LR and
ammonia was the result of organism damage corre-
lated with oxidative stress induced by the two
toxicants. This result was indicated by the changes
in GSH-related enzyme activities.

Effects of microcystin-LR and ammonia
on the ROS levels and Na™/Kt—ATPase activity
of rotifers

Na®/K*-ATPase provides energy for ion transport
and facilitates active exchange between K* and Na™
to maintain ion homeostasis (Kopecka-Pilarczyk
2010; Li et al. 2014). The reduction in Na™/K'—
ATPase activity suggested that microcystin-LR and
ammonia disrupted the ion exchange and negatively
affected the energy supplement in rotifers. In B.
calyciflorus exposed to microcystin-LR and ammonia,
the ROS levels increased with increasing toxicant
concentrations. Na*/Kt-ATPase activity was nega-
tively correlated with the ROS levels. Therefore,
decreased Nat/K™-ATPase activity in every treat-
ment was partly related to high ROS levels in rotifers.
Excessive ROS inhibited the Na™/K*—ATPase activ-
ity. This phenomenon adversely affected the life-cycle
parameters and GSH-related enzyme activity of
rotifers. A study confirmed that Na™/K+t—ATPase
activity is negatively correlated with high levels of
ROS under heavy metal stress (Kim et al. 2016).
Therefore, we speculated that ATPase is a biomarker
for oxidative stress damage due to exposure to
microcystin-LR and ammonia.

Effects of microcystin-LR and ammonia
on the GSH-related antioxidant defense system

of rotifers

In the present study, GSH-related enzyme activities
exhibited different responses to microcystin-LR and
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ammonia. GR activity decreased with every treatment
of microcystin-LR and ammonia, thereby suggesting
that GR was more sensitive to Microcystis metabolites
than the other three antioxidant enzymes. GSH, GPx,
and GST activities increased at low concentrations of
microcystin-LR ~ (10-100 ug L™") or ammonia
(740 pg L™, but decreased at high doses of micro-
cystin-LR (200 pg L™") or ammonia (1580 pg L")
and mixtures of the two toxicants. This trend is similar
to that of Ry and r,,,, thereby suggesting that changes in
GSH, GPx, and GST activities affected the reproduc-
tion parameters of rotifers. GSH is essential for
protecting the function of animal tissues against the
deleterious action of metabolites (Yilmaz et al. 2009).
A decline in GSH level could affect the physiological
function and cellular redox homoeostasis network in
organisms (Couto et al. 2016). GST is responsible for
the detoxification of electrophilic compounds, for
example, ROS, metabolites, and heavy metal ions by
conjugating with the —thiol group and rendering them
harmless (Yim et al. 2015). Microcystin-LR combined
with ammonia reduced the GSH, GPx, and GST
activities, which might cause the dysfunction of the
GSH-related antioxidant defense system in B. calyci-
florus. GSH, GPx, GR, and GST play an important role
in protecting cells through the detoxification of active
species and/or repair of injury and are useful as
potential molecular biomarkers for the monitoring of
microcystin-LR and ammonia toxicity in aquatic
environments (Wang et al. 2015).

GSH-related enzyme activities were negatively
correlated with the ROS levels, but were positively
correlated with Na*/K*—ATPase activity. Under the
stress of microcystin-LR and ammonia, the reduction
in Na't/K*-ATPase activity reduced the energy
supply. This condition was harmful to the redox
reaction. The reduction in the redox reaction accumu-
lated ROS in the rotifer body. This phenomenon
negatively influenced enzyme activities (Chen et al.
2015). Decreased GR activity in every treatment of
microcystin-LR and ammonia was related to the
reduction in Na*/KT-ATPase activity and increasing
ROS levels. In one toxicant solution, GSH, GPx, and
GST activities improved at low doses of microcystin-
LR or ammonia. GSH-related enzyme activities were
enhanced by slight oxidative stress because of the
antioxidant response to low doses of Microcystis
metabolites. Severe oxidative stress had negative
effects on the activities of the three GSH-related

@ Springer

enzymes due to damage in the GSH-related antioxi-
dant defense system under high doses of microcystin-
LR and ammonia (Sun et al. 2012). Microcystin-LR
combined with ammonia negatively affects the activ-
ities of GSH, GPx, and GST. In addition, the inhibition
effect was exacerbated by increasing the doses of these
toxicants, thereby resulting in the poor efficiency of
GSH, GPx, and GST in removing high ROS levels.
Microcystin-LR in combination with ammonia inhib-
ited the GSH-related enzyme activities. This phe-
nomenon resulted in excessive ROS accumulation in
the rotifer body. High levels of ROS caused oxidative
damage, which negatively affected the life-cycle
parameters of rotifers. GSH-related antioxidant
enzymes were important in detoxifying ROS and in
preventing the disruption of the peroxidase/glu-
tathione reductase redox cycle balance in animals
(Yilmaz et al. 2009; Park et al. 2017).

Conclusions

This study shows that the threat to Brachionus
presented by Microcystis degradation is not from the
toxin microcystin-LR but from ammonia in a
eutrophic water environment. Microcystin-LR and
ammonia affected the growth and reproductive per-
formance of rotifers through oxidative stress on the
GSH-related antioxidant defense system in rotifers.
Microcystin-LR in combination with ammonia results
in stress responses of rotifers, which are characterized
by reduced Na™/K*—ATPase activity and varied GSH-
related enzyme activities in B. calyciflorus. The
synergistic effects of microcystin-LR and ammonia
were observed on Ry, r,,, ROS levels, and activities of
GSH, GR, and GST. By contrast, microcystin-LR and
ammonia displayed antagonistic effects on 7, Na*/
K*-ATPase, and GPx activity. These findings indi-
cated that GSH-related enzyme activities are involved
in cellular protection as antioxidant defense systems
against microcystin-LR and ammonia-induced oxida-
tive stress. The GSH-related enzymes are potential
biomarkers in response to microcystin-LR and ammo-
nia. Microcystin-LR may be combined with some
common toxicants in eutrophic waters. This combi-
nation affects the zooplankton physiological and
ecological responses. As cyanobacterial blooms
become increasingly serious worldwide, these results
provide a reference for studying the effects of
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exposure to other toxic Microcystis metabolites on the
sensitivity responses of aquatic animals.
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